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Outline

I Development of codes for atomic structure calculations with
reference to the work of Charlotte Fischer

I Multiconfiguration methods

I Applications of the codes

I New developments
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Computational atomic structure

The success of atomic structure calculations depends on the
available computer software:

I Computational methods must constantly be improved

I New features should be added

I Adaptation to computer language

I Adaptation to computer systems

I Communication and sharing
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Charlotte Froese Fischer at the Electronic Delay Storage
Automatic Calculator (EDSAC)

PhD in applied mathematics and computing in 1957
under the supervision of D. Hartree.
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Impact through release of computer codes

A selection of atomic structure codes by Charlotte Fischer

I The MCHF atomic-structure code in 1969

I The MCHF atomic-structure package 1991
– energies, relativistic corrections, transition rates, hfs, isotope
shift, autoionization

I The GRASP92 code in 1996

I The ATSP2K, GRASP2K codes in 2007
multiconfiguration codes for large scale computing
– MPI, angular routines open f-shells, labels in LSJ-coupling,
adapted for database
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Impact by educating

↙

C. Froese Fischer, The Hartree-Fock Method for Atoms:
A Numerical Approach (Wiley 1977)

C. Froese Fischer et al. Computational Atomic Structure:
An MCHF Approach (IoP 1997)
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Impact by collaborating, sharing, and inspiring
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Why atomic structure calculations?

I Testing fundamental theories by systematic comparisons of
atomic data obtained from:
– theoretical models
– experiments

I Assessing the reliability of theoretical and/or experimental
values (realistic error bars?)

I Interpretation of spectroscopic data — energies, rates, hfs,
isotope shifts, gJ values (talk by Gillian Nave))

I Atomic data production for astrophysics and plasma physics

I Interface with nuclear physics (talk by prof Nörtershäuser)
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Variational multiconfiguration methods

MCHF, CI and MCDHF, RCI

I Expand wavefunction in basis functions (CSFs) Φ(γiJMJ)

Ψ(γJMJ) =
∑
i

ciΦ(γiJMJ)

I CSFs are symmetry adapted and anti-symmetrized products of
one-electron orbitals represented on a grid.

I The radial functions should be orthonormal

I Apply variational principle: equations for radial functions,
eigenvalue problem for coefficients

I Solve the equations iteratively (self-consistent field)
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Selection of CSF expansions

Success of a calculation depends on the CSF expansion

I Select a set of important CSFs (multireference)

I Generate CSFs by substituting orbitals in the multireference
with orbitals in an active set according to some rule
(correlation model)

I Increase active set systematically

I Monitor convergence of computed properties

I Vary the correlation model

I Expansions with around 1 000 000 CSFs possible

I Larger expansions can be run on a cluster
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Strengths and weaknesses of variational methods

Strengths

I Flexible and versatile

I Any ion and state can (in principle) be computed

I Good at capturing close degeneracy and dynamic correlation

I Possible to estimate uncertainties

Weaknesses

I Sizes of the expansions grows very rapidly

I Difficult to capture core-core effects

I Energy focused
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Unusual feature: biorthogonal transformation

Method to compute matrix elements 〈Ψi |D|Ψf 〉 between
separately optimized initial and final states wave functions.

I Problems with non-orthogonalities handled by fast
transformation method

I Implemented in both ATSP2K and GRASP2K

I Separate optimization ⇒ more accurate transition rates
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Transition rates 1s22s 2S → 1s22p 2P in Li I

All possible CSFs generated from the active set (CAS). n = 3
denotes active set {1s, 2s, 2p, 3s, 3p, 3d} etc

Godefroid et al Physica Scripta T65 (1996) 70
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Transition rates 1s22s 2S → 1s22p 2P in Li I
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Transition rates 1s22s 2S → 1s22p 2P in Li I

McAlexander et al Phys. Rev. A 54 (1996) R5
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Transition rates 1s22s2 1S → 1s22s2p 1P in B II

Godefroid et al ApJ 450 (1997) 443
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Transition rates 1s22s2 1S → 1s22s2p 1P in B II

Godefroid et al ApJ 450 (1997) 443
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Transition rates 1s22s2 1S → 1s22s2p 1,3P in Be sequence

I Systematic calculations with increasing active set of orbitals

I Convergence monitored

I Comparison between computed and experimental transition
rates for 2s2 1S0 → 2s2p 1,3P1 in the Be-sequence
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Comparing theory and experiment
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Spectrum calculations C II, N III, O IV

I 2s22p, 2s2p2, 2p3, 2s23s, 2s23p, 2s23d , 2s2p3s

I MR with SD substitutions to n = 10 and l = 6, between
800 000 and 1 000 000 CSFs

I Convergence with respect to the increasing active set

I Convergence with increasing MR

I Odd and even states separately optimized
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O IV energies, comparison with experiment
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Flares, violent eruptions
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Calculations for Fe XVII

Compare poster of Prof Watanabe and talk by Prof Nakamura
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Benchmark calculations for Fe XVII

I Benchmark calculations for n = 3 provided by Del Zanna and
Ishikawa, A & A 508 (2009) 1517

I Analysis and reinterpretation of energy levels

I Intensities based on R-matrix calculations by Loch et al J.
Phys. B 39 (2006) 85
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Calculations for Fe XVII

Jönsson et al ADNDT accepted (2012) (together with NIFS Japan)

I Systematic MCDHF and RCI calculations for all 2p6, 2p53s,
2p53p and 2p53d states.

I All states belonging to a configuration are optimized together

I The orbital set is systematically increased to n = 7 and l = 6

I Convergence monitored

I Final calculations for 2p53d contains more than 700 000 CSFs

I Energies in perfect agreement with the ones given in
Del Zanna and Ishikawa, A & A 508, 1517-1526 (2009)
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Comparison with observed energies

Label Ecalc (cm−1) Eobs (cm−1) Diff

2p6 1S0 0 0 0
2p53s 3Po

2 5 849 108 5 849 490 −382
2p53s 1Po

1 5 864 469 5 864 760 −291
2p53s 3Po

0 5 951 003 5 951 478 −475
2p53s 3Po

1 5 960 633 5 961 022 −389
2p53p 3S1 6 093 573 6 093 568 5
2p53p 3D2 6 121 769 6 121 756 13
2p53p 3D3 6 134 794 6 134 815 −21
2p53p 1P1 6 143 898 6 143 897 1
2p53p 3P2 6 158 481 6 158 540 −59
2p53p 3P0 6 202 542 6 202 620 −78
2p53p 1S0 6 353 605 6 353 356 249
2p53d 3Po

0 6 463 913 6 464 095 −182
2p53d 3Po

1 6 471 519 6 471 233 286
2p53d 3Po

2 6 486 166 6 486 440 −274
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Summary Be – Ne-like sequences

I Errors in calculated energies typically a few hundred cm−1

I Possible to spot line identifications that are wrong

I Transition data accurate enough to aid line identifications

I Transition rates
– very good agreement between benchmark calculations for

strong transitions
– good agreement for weak (intercombination transitions)
– for some lines there are large (unexplained) differences
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Systematic calculations by Froese Fischer and Tachiev

———————————————————————————
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Froese Fischer and Tachiev atomic database at NIST
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Elements in the database
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Correction of wave function: few electron system

Few electron system 1s22s2 1S . The CSF expansion grows
comparatively slowly with respect to the increasing active set of
orbitals

1s2nln′l ′ 1S
1snl2sn′l ′ 1S
nln′l ′2s2 1S

 nl , n′l ′ ∈ active set
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Correction of wave function: many-electron system

Many-electron system 1s22s22p63s23p63d104s2 1S . The CSF
expansion grows unmanageably fast (scaling wall)

1s22s22p63s23p63d10nln′l ′ 1S
1s22s22p63s23p63d9nl4sn′l ′ 1S
1s22s22p63s23p63d8nln′l ′4s2 1S
1s22s22p63s23p5nl3d9n′l ′4s2 1S
....
nln′l ′2s22p63s23p63d104s2 1S


nl , n′l ′ ∈ active set
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New code development

Verdebout et al J. Phys B 43 (2010) 074017 (Poster 16b)

I Perform separate MCHF calculations for each expansion

I Remove main CSF and renormalize ⇒ partitioned correlation
function (PCF) built on an optimally located orbital basis

I Expand the wave function in a basis consisting of the CSFs in
the MR and the PCFs

I Construct the Hamiltonian matrix and solve eigenvalue
problem (low dimensional) to get expansion coefficients

Before very time consuming to construct the Hamiltonian matrix
elements between PCFs due to non-orthogonalities. New fast
biorthogonal transformation technique key to the method
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Results for 1s22s2 1S in Be

Tabell: Calculations based on PCFs. The energies are compared with
CAS-MCHF results based on a single orthonormal orbital set.

n 6 E8×8 ECAS−MCHF

4 −14.660 679 48 −14.661 403 17
5 −14.665 553 46 −14.664 839 93
6 −14.666 582 83 −14.666 067 32
7 −14.666 905 87 −14.666 541 14
8 −14.667 047 86 −14.666 857 41
9 −14.667 122 76 −14.667 012 75

10 −14.667 168 08 −14.667 114 20

I CAS-MCHF 650 000 CSFs, days on a super computer cluster

I Totally 600 CSFs used for the PCFs. Calculation takes
minutes.
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PCF expansion method

I Break down an unmanageably large MCHF run to a number
of smaller MCHF runs for the PCFs (divide and conquer)

I The PCFs are built on optimally located radial orbital sets

I Possible to include correlation deeper down in core

I Better convergence properties

I Transition energies can be computed to spectroscopic
precision?

I Great prospects for hfs and isotope shifs

I Interesting applications to continuum problems
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Problems

Variational freedom lost since expansion coefficients of the CSFs in
the PCFs are fixed from the separate MCHF calculations.

Can be solved by so called deconstraining (see poster 16b)
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Summary

I Atomic structure calculations require efficient codes

I Current programs ATSP2K and GRASP2K allows many
systems and properties to be calculated very accurately

I New methodology based on PCFs allows the high accuracy for
few electron systems to be carried over to many-electron
systems?
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Thank you

Thank you Charlotte for your support and encouragement and also
for being such a good colleague and friend!
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Challenges of hfs

I 24 even parity states up to 5s7d 1D2 and 20 odd parity
states up to 5s5f 1F o

3 .

I MR with SD substitutions to three layers of correlation
orbitals. Valence and core-valence effects included and at
most one excitation from the 4d core shell. S substitutions
from all core shells.

I Odd and even states separately optimized
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Hyperfine structures in In II

I Very large differences for B factors belonging to closely
spaced states

I Hyperfine structure can not be described by A and B factors!

I Off-diagonal effects important
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Hyperfine structures in Ga II

I In closely spaced fine structure levels off-diagonal hfs
interaction leads to redistribution of radiation

I Spectral lines changes dramatically

I Theoretical support needed to interpret spectra
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FTS spectra of hfs transitions
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Conclusions

I Traditional A and B hyperfine factors meaningless in many
cases. Should not be used by astronomers

I Experiment or computation should supply astronomers with
position and rates for all hyperfine transitions
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Thank you

Thank you Charlotte for your support and encouragement and also
for being such a good colleague and friend!
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